
APPLIED AND ENVIRONMENTAL MICROBIOLOGY,
0099-2240/98/$04.0010

Dec. 1998, p. 5046–5048 Vol. 64, No. 12

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Changes in Bacterial Species Composition in Enrichment
Cultures with Various Dilutions of Inoculum as Monitored

by Denaturing Gradient Gel Electrophoresis
COLIN R. JACKSON,* ERIC E. RODEN, AND PERRY F. CHURCHILL

Department of Biological Sciences, University of Alabama, Tuscaloosa, Alabama 35487

Received 15 July 1998/Accepted 8 September 1998

Denaturing gradient gel electrophoresis revealed changes in the bacterial species obtained from enrichment
cultures with different inoculum dilutions. This inoculum dilution enrichment approach may facilitate the
detection and isolation of a greater number of bacterial species than traditional enrichment techniques.

Traditional enrichment techniques underestimate the di-
versity of bacteria within natural environments (1, 7, 13).
However, few studies have varied the enrichment approach
in order to detect or isolate a greater number of species.
One possible variation would be to alter the concentration
of the initial inoculum. By diluting the sample, one should
select for those organisms that are numerically abundant,
not just those that show superior growth in a given medium.
An inoculum dilution enrichment series should, therefore,
show shifts in the bacteria cultured at each dilution level. At
low dilutions, cultures will be dominated by species that
show competitively superior growth in that medium. At
higher dilutions, these superior growers should be diluted
out of the inoculum to be replaced by populations that were
numerically dominant in the original sample but whose
growth has been inhibited at smaller dilutions (2). In order
to detect the presence of different populations in such cul-
tures, one could subculture each dilution and characterize
isolates or use a molecular approach. Santegoeds et al. used
denaturing gradient gel electrophoresis (DGGE) of PCR-
amplified 16S rRNA genes to examine serial dilution cul-
tures from a hot-spring microbial mat sample and found
changes in the bacterial populations that were cultured at
different dilutions (9).

We used DGGE to monitor changes in the bacterial popu-
lations present in serial dilution enrichments from a wetland
biofilm sample. The biofilm sample was obtained from water
lily (Nymphaea odorata) leaves collected from a wetland in
Hale County, Ala. The leaves were shaken to dislodge attached
cells, the sample was serially diluted (10-fold), and culture
tubes were inoculated with sample suspension to yield enrich-
ments with inoculum concentrations of from 1021 to 1028. The
remaining sample suspension was retained for analysis of the
original community.

An aerobic complex medium (15 g of tryptic soy broth
[TSB], 1 liter of H2O) was used for enrichment with three
replicate cultures at each dilution level. Tubes were shaken
(150 rpm, 20°C) until visible growth was observed (5 days).
Growth occurred down to the 1026 dilution, giving a most
probable number estimate for the original biofilm of 937,500
cells ml21 (confidence factor, 4.67) or 16,175 cells cm22. Fol-
lowing growth, a subsample of each culture was plated onto

solid medium (as described above, with 20 g of agar) to obtain
isolates, which were subsequently transferred to liquid culture
to obtain sufficient biomass for DNA extraction. The remain-
ing mixed cultures were centrifuged (5,000 3 g), and DNA was
extracted from each pellet by using three cycles of freeze-thaw
(11), followed by extended heating according to the method
described by Zhou et al. (14).

Following precipitation in alcohol, samples were resus-
pended in 100 ml of Tris-EDTA (TE) buffer (8), and the
suspension was incubated with 10 ml of RNase (20 mg/ml) at
37°C for 2 h. Following phenol-chloroform (1:1) extraction and
alcohol precipitation, samples were resuspended in TE buffer.
DNA was similarly extracted from isolates and from the orig-
inal biofilm. Because of contamination with humic substances,
DNA from the biofilm sample was purified by using Sepharose
4B columns (3).

The region of 16S ribosomal DNA (rDNA) corresponding
to helices 15 to 20 (12) in each sample was amplified with the
341 forward and 534 reverse primers described by Muyzer et al.
(5) by using reactant concentrations and procedures described
previously (3). PCR products from each sample were analyzed
by DGGE along a urea-formamide gradient (25 to 60%) in 6%
acrylamide gels at 130 V and 60°C for 4 h under conditions
described by Muyzer et al. (6). Samples were initially run
through the gel at 20 V for 10 min to improve resolution. The
gels were stained in ethidium bromide and photographed with
UV transillumination. DGGE bands were excised from some
gels, and DNA was eluted and reamplified (6). Amplification
products were purified with Wizard systems (Promega, Madi-
son, Wis.) and sequenced.

DGGE revealed various bacterial genotypes, as shown by
the different bands representing 16S rDNA fragments (Fig. 1).
DGGE analyses were repeatable. Enrichment selected for
some bands that appeared to be present in the original sample
(e.g., Fig. 1, bands B and C), as well as for others that were not
detectable before enrichment (e.g., Fig. 1 [1026 dilution]). This
result is not unexpected, given that enrichment methods are
unlikely to detect many bacteria in environmental samples (1,
7, 13). The bands observed in the most dilute enrichments were
not visible in the original sample, confirming that enrichment
may not detect the most abundant bacteria. Conversely, while
DGGE is useful in examining abundant populations, it may not
detect minor populations (6) which might require enrichment
prior to their detection. A biphasic approach utilizing enrich-
ment and molecular techniques may be necessary to detect
some organisms (4).

Dilution of the inoculum affected the outcome of enrich-
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ment cultures (Fig. 1). This result can be attributed to the
tradeoff between numerical abundance in the original sample
and competitive ability in the growth medium (9). Changes in
the species composition of enrichment cultures occurred
throughout the dilution series, and these changes could be
detected by DGGE. Santegoeds et al. observed the same phe-
nomenon (9), and we have observed similar changes with other
samples (data not shown).

Few isolates could be obtained on solid media, with typically
just one to three isolates obtained from each mixed culture.
There was strong evidence for the presence of these isolates
within the original enrichments, as shown by gels comparing
the isolate to the enrichment from which it was obtained (e.g.,
Fig. 2). However, bands in mixed cultures could not always be
matched to individual isolates.

An assumption of this inoculum dilution approach is that an

organism should be cultured only at consecutive dilution levels.
From DGGE profiles, it appears that this was not so. A band
corresponding to band B in the original inoculum appeared at
the 1021 to 1023 dilutions but was absent at 1024 and was
present again in the 1025 dilution (Fig. 1). We were able to
isolate representatives from the dilutions involved in this dis-
crepancy and verify that they did show similar migrations on
DGGE gels (isolates TSB013 from the 1021 dilution and
TSB027 from the 1025 dilution [Fig. 2]). Sequencing of these
bands revealed that their sequences differed by 5%, suggesting
that while they migrated to virtually identical locations, they
were in fact different sequences. Although the sequences dif-
fered, they shared the same GC content (50%) and melting
temperature (83°C), which presumably accounts for their sim-
ilar migration patterns.

Combining variations in enrichment procedures with mo-
lecular methodologies may reveal that more bacteria can be
cultured than we currently believe. By varying the inoculum
dilution, we were able to detect 15 to 20 bands across all
dilution levels, compared to an average of 6 bands in any
individual culture or 10 in the original sample. The actual
number of genomes present may be higher if different se-
quences can show similar migration patterns. The distinc-
tion between culturable and unculturable is relevant only
within defined conditions (10). By altering these conditions
and combining traditional and molecular approaches, we
may gain a greater understanding of microbial diversity in
environmental samples.

Nucleotide sequence accession numbers. The two sequences
reported here have been submitted to GenBank under acces-
sion numbers AF061035 (isolate TSB013) and AF061036
(TSB027).
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FIG. 1. DGGE analysis of 16S rRNA sequences obtained from 1022 to 1026

dilutions of biofilms from N. odorata leaf homogenate in TSB enrichment cul-
tures sampled after 5 days. Nym, the original biofilm sample before enrichment;
single letters, dominant 16S rRNA sequences within this sample. The photo-
graph was scanned through Adobe PhotoDeluxe 1.0.1 with a PowerPC Macin-
tosh.

FIG. 2. DGGE analysis of 16S rRNA sequences obtained from three dilu-
tions (1021, 1024, and 1025) of biofilms from N. odorata leaf homogenate in TSB
enrichment cultures sampled after 5 days and from isolates subsequently ob-
tained from such cultures. Is, the DGGE profile of a bacterial isolate obtained
from the enrichment culture shown in the preceding lane. The isolates were
designated TSB013 (from the 1021 dilution), TSB026 (from the 1024 dilution),
and TSB027 (from the 1025 dilution). The photograph was scanned by using
Adobe PhotoDeluxe 1.0.1 with a PowerPC Macintosh.
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